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This document reports the results of an investigatica of in-
cipient failure detection in ball bearings by means of acous-
tic monitoring techniques. The change of acoustic ermanation
strength with bearing condition was studied to determine if
changes within the frequency srectrum monitored would mani-
fest the onset of a bearing failure. This investigation
showed that the acoustic enerzy emitted from bearinss is very
sensitive to bearing condition and provides a clear indica-
tion of the onset of bearing failure.
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TLLUSTRATIONS

The followiny several pazes are illustrations which pertain to the
textual discussion in Section 4.0, ‘here are twenty-six suca il-
lustrations. ‘These have been gathered here for two reasons. irstly,
th2ir lozical position within the text itself would be awkward for

the reader, siice continuity would suffer. bSeccndly, their inclusion
in the Appendices would be equally confusing, tecause the amnendices
contain more than fifty additional pages of plotted raw dara.

Accordinzly, we hope for the readers' indulgence in referring for-
ward to thils area when any of the illustrations gathered here are zen-
tioned in Section 4.0. If reader reaction is adverse, however, we
vill rearrange these pages at the first revision to the document.
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1.0 INTRCDUCTICH

The detecticn of incipient fallure, in general, is related to a thorcush under-
starding of *the basic causes of failure. Detection at an early stage of recog-
nired evidence that a fzilure is incirient will alliow action to de taxen walch
can, in scme cases, preovent the fallure frea oeccurring, and, in cthers allow
scheduled rezlacerent cf the arffected rart or ccmronent on a convenience basis.
The full deve=lorment of an incirient failure detection sub-system and/or concept,
thus, has the potential cof preventing many tyres of failures or of allowing more
raintenance to bYe scheduled. The elizination of unscheduled rainterance and the
elimiration o2 failure itself, to the extent that the detection of incipient
failure allcows this to be done, will increase the relisbility of arny orerational
system to which these teciinigues are applied. Ia this report, whici reprecents
only one of a series, the problem of detecting incipient failures in bearings is
detailed.

1.1 Objectives

It is generally accepted that the acoustic energy emittied by a severe bearing

’ failure is frequently quite audible. However, severe failures, for the most
part, start as minute defects, or incipient failures, andi it was the primary ob-
Jective of these experiments to determine if such inciplent failures could be
discerned by acoustic monitoring.

A secondary objective was to examine three tasic sources of acoustic energy to
determine which would provide the most reliable indication of trouble. These
three sources were {(a) rotatioral Srequency emersy, (b) mechanical resonance
enercy, and (c) acoustic emission energy. The first two sources emit energy in
fairly well defined frequency ranges, but acoustic emission energy is a very
broad band paencomenon.

1.2 Scope

USE FOR TYPEWRITTEN MATERIAL ONLY

The bearings utilized for these expeiriments were S-20LH ball bearings, installed
in the standard Pope lubricant test apparatus described in Federal Standards T7Jl.
These tests were run at 5000 RFM and 10,000 RF{ with the bearings new, with old
grease, dry, and with small flaws in the inner race, the outer race, and one
ball. The types of acoustic energy emitted from these several conditions were
analyzed and cotpared for differences.

1.3 Method

The method nutilized to evaluate and compare the acoustic ernergy emitted frcm the
various test conditions consisted of examining the energzy-frequency relationships
for each bearing condition. This type or relationship is readily aprarent when
the data is craphed in the power-spectral-density (PSD) form. The acoustic
energy was detected by piezoelectric transducers and recorded on magnetic tape
for subsequent cdata processing into the PSD form. The instrumentation systen,
currently available, linmited the frequency range to approximately 1CO kilocycles
per second.
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2.0 SUILRY

These tests indicate that there is positive correlation bhetween bearinc condi-
tion and the cranse in emitted acoustic enmersy. Tasre is, 2s ore would exp=a2t,
a gy . iy whreskiiold. fen chlis zEiEhnd, Taad dg, eRrtain Eeaill Flaws tan b2
preseat ~ulch may nct be detected by this zethod withcous further relinement,
such as the utiiization of some discrete frequency band which is hizhly indica-
tive of flaw occurrence.

The frequency spectruzm of emitted energzy was analyced 1o determine ir the rota-
tional frequencies and mecharical resorance freguencies would rrovide positive
indiecators cf flzw presence. The rotaticral Crequencies (i.e. the tulse-
repetition-rrequencies of rhysical defects) were found to be of nezligible wvalue
when viewing a wide frequency spectrum of emitted enersr, as was donz2 nere, Fo-
taticral frequencies might be usable if different data processinz technigues
were employed. The explaration for this is detailed later in thi:z rerort.

For these tests, the most positive indicator of flaw cresence appeared to be
energy in the frequency band frecm 20 XKC *o LO XC. A low frequency technigue
used with three of the test bearings, srecifically, FM monitorin: between 100
cycles and 10,00C CFS, indicated that the overall erergy level was the most
practicable indicator with the FM system.

3.0 CONCLUSICHNS AND RECOMMENDATIONS

Three sources of acoustic energy related to bearing failure have been examined
in this test program. These are (1) rotatiornal noise, (2) resonant noises of
the total system, and (3) acoustic emission. A direct relaticn exists bemize
accustic emission, the resonant noise, and the severity of bearing dei'zcts.

The rotational noise energy appears to be distributed across the bandwii<a of
frequencies studied here, namely 100 to SO KC. The system predominant reso-
rances arreared to provide data in three different frequency vands. In mcst

of the tests of the S-204H bearing, a blank space existed between 3 KC and 10 XC
on the spectral density plots. This space would germit detection of burs:t tyve
acoustic emission, when and if it occurred.

USE FOR TYPEWRITTEN MATERIAL ONLY

Direct correlation of severity of defects to amplitude was observed within
specific bardwidths., Direct correlation was also observed between severity of
defects and total noise, If the resonant and rotational frequencies are <rans-
lated downward to 1/15 (compressed), the nigher resonant frequencies are brought
within the range of hunman hearing so that bearing defects can te resdily dis-
tinguished, one Irom the other. This was done, using a tape recorder, by record-
ing at 60 inches per second and playing back at 3 3/4 inches per second.

Our research thus far has shown that bearing deects can be detected prior to
failure of the bearing. A prototyre piece of test equipment has been built
which has the capability of monitoring the true RIS energy content within a se-
lected frequency band. Cnce a pre-set limit has been set into this test equip-
ment, it will indicate by "go, no-go" lizhts whether the test article exceeds
the red-line condition. ‘e believe that we will be able to detect bearinge de-
fects in the presence of the noise of jet engines by this methed, using *he
] resonant rather than the rotatiomal frequexncies. we belleve that the emrloyment
( of resonant frequencles to detect incipient failure is our most important pre-
sent contribution to the detection of such incipient failures.
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‘le 2180 t2lievre that the use of the acoustic emizsion rroenomerna will beccns
nore 1mmortant with the develcpment of wider band transducers and charze ampli-
Tior systerms. e are doin~ a minicum amount of work in taiz arga, It i3

recommenied that this activity bte increased and broadened in ccope,
l,d  DICEEEEHE::

4,1 Techaigiec Employed

4.1.1 Test Description

Tne equipment used for bearing testinzy (see Figure A) was a standard Pooe Znindle
descrived in Tederal Standards 751, 'ethod 23, which 13 used for %esting lukbri-

nts. It consisted of a cartridge spindle with a shaft supported by two 2704
siced ball bearin:s, which in these tests were of the anaular cortact variety, sc
that they could be easily disassemtled. The spindle was belt-iriven by an eiec-
tric motor at speeds of 5,300 and 13,000 R,

Tvo distinct szries of tests were run. The first series of tests consisted of
tests cf four S-20LF Hearirgs (iios. 1, 2, 3, and 5). For these bearinzs, the
data was recorded in the direct mode (Srom 1 XC to 100 X(), and “he bearinzs

had only one flaw Injected into each. Subsequently, a seconi ceries was run
(vearings 4, 5, end 7) with minor flaws first and then with enlersed flaws. In
this second series, it was decided to investigate the intellisence carried in
the lower frequencies, so the data was recorded in the FM mcde (120 CPS to
10,000 €PZ) in addition to the direct mode. In all conditions <h2 hearinis were
rur at 5000 RP and 10,000 RP. These bearings were all run in tae unlcadad
condition.

The test conditions are detailed below:

First Series:

USE FOR TYPEWRITTEN MATERIAL ONLY

0. 1 -

NEW, LUBEZD. Bearing was luoricated with MIL-G-23327 (Aeroshell-7) srease.
110 LU2E. The bearing was cleansed of all grease and run campletely dry.
This conditicn was run only long snough to acquire data; approxizately 32
seconds.

RZ-LUSZD. The bearing was re-lubricated as above.

PITT=D 2ATL. A fatigue spall was simulated on one ball by etching a snall
pit in the tall with a2n electric pencil., The pit was polished to re:ove
any protrudinz nmetal.

tCe 2 =

MEW, LIBED. Seme as bearing #1.

PITTED OUTER RACE. A pit was made in the outer race with an electric ren-
cil., The pit was then polished so that no metal protruled sbove the race
suwface.
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NUMBER Dr-1177=71-3

BDE/NG coapaNy REV LR

I;Oo 3 -

ve . - . b
B, IARBED. same a3 bearins =l
earin-

OLu GRIASE, TIh2 Tearins was cleaned and re-pached with nld, hzrdeneld
plilegsv o] e ot el cadlenl gl Been Insiialled dn B S futeman Senina sy
$Onl thateel siaatiEg

WO CASS., Trhe case Dockets were ernlarzed with 2 file.  The bearing
was re-asseanled and lubricated as in the new conld 1tion.

5. 5

5L, LUBZD, Sane as bearing zl.

FITTZD IHNZR RACZ. A pit was made in the inner race in the sage manner
deserizeld for hearing #2 cuter race.

Second Serizas:

0. 4 -

NEA, LUBED. Same as bearirng #l.

PITTZD CUTER RACE. 1The pit in this mace was made with an S. S, .hite
Industrial Abrasive Cutting Unit, t was found that this method provided
a tetier simulation of 4ncipient spalling than the electric pencil used
in the Tirst series.

ENLARGED FiIT. The initial pit was enlarged
its initial size.

to aprroximately three tizes

KJe 5 -

NE¥, LUBED. Same as vearing #l.

PITIZD IZnZR RACZ. A szall tit was o1t into the inner race in the saze
marner described above for tearing Fb.

EILARGED PIT. The initial pit in the inner race was enlarged approximately
three times,

NO. 7"

Same as bearing #1
A small pit was placed in one ball with the S. S. Wiite unit.
The pit in tke ball was enlarged approximately three tizes.

NEW, LUBED.
PITIED BALT.
ZARGED PTT.

4.1.2 Instrumentation and Data Processing

The transducers utilized to »ick up the acoustic ereryy were piercelcetric
crystal transcéucers which respend to frequencies up to approximetely 10D IC,
Tre dymanic response of these ‘ranscducers is not {lat throughout this rance.
For the purroses used Lere, the dynamic response curve of the transcucers is
irrelevart since the data has value only on a comparative tasis. That is, in-
cipient railure intelligsence is derived from the differences between two I'SD
plots, any sincle PST plct carries practicelly no information by i%self. Since
the dyranic response of these transducers differ frem one anotiter, it is im-
portant to compare only data recorded from the same transducer., As will he
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o -~ = -
NUMsESs  TP=113500 =2
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ncted fcr the second series of tes*s, the data in the f*ﬂﬂuency PEnge 08 crern-

, 832
plots does not necegsarily appear 51nil*.. g is fe) be expected :ince
diflerent transiucers were used to record these two tyres of Zata., In adiisicy,
the state of the art of transiucer devel CD”eﬁt is such that an atsonlute czli-
bration stcve +,770 CF3 1s umatteinible, Tlierefore, the shave of fie TID eurve

caunot be inteynmretal a3 an absolut2 measure of the bearing ener~y emission.

3>
Certain fraguency spikzesc on the P37 plot may rise to 2 hiich amplicuie jue either
to a transducer resvnance at that {requency or a high eneregy enilssion frem the
bearing. irvevar, it must be made clear tiat this "unknown' dres ot detract

Zrom the validitiy of the data, sinc. the »lo%s are used in a comzaritive senze
only. A transducer resonance mere.v serves to magnify the precence of emitted
energy at that frequency and mnkes comparison that much more si.nillcant.

The transducer signals vere a.pli’ied by charze amlifiers and recoried on the
tmpex FR-1320 tare reccrder at cO inckes per second. These recorainss were sub-
sequently crerated on by the frequency analyzer to nrovide the PSD rlots. The
FR«1322 tape recorder resconse at this speed is flat up to rearly 3C2 HC. Tas
response cof the charge amplifiers, Dymanmics ©927, were flat up to oﬂproxi~n+°lj
70 XC. 'Tals upper frequency limit explains the apparent "roll-off" on the P3D
plots around 50 KC end above,

hol-3 Data AnalySis

Zach bearing avreared to have a unique initial PSD signature, asg the variation
between bearings in the new, lubricated condition shows in Fgures 1 throu-a o.
This spread in date can be attributed to several facters, the most rredomirant
two being actual small structural differences between new bearings, and diZferent
run-in tires tefore data acquisition. The noise (cr acoustic ererzy) emitied
from a bearing is nor=mally high waen the bearing is initially used, but, as the
bearing surfaces tend to lap each other, the bearing hecomnes gquieter, Of course,
as this wearing process transcends the condition c¢f optirmum narts £i1%, the roise
increases 2gain, wWear-in time 1s a functicn of the lubrication, snpeed, and

load on *the bearing in service.

The PSD plots for the first series of tests (Bearings 1, 2, 3, and 5) are rre-
sented in Figures 7 through 1k, Trese Flgures show, anong Other thl:gs, that
the two test conditions of lack of adequate lubricatiorn, specifically =
"no lube" and "old grease”’ conditions, result in a general increzse cf noise
level which exceeds the maxinmum new tearing envelope by a factor cof 1C3 to 00
tires. Such an incipient fallure as no lubrication would, indeed, be reudily
detected. These Flgures also show the effects of the munor flaws inserted into
these bearings. Iz each case, these flaws result i1 nolse increases which ex-
ceed the new bYearing range limit in certain frequency bands. Iue warn cacge
condition \Tigure 0) shcws the least indicotion of change of any otrer condi-
tion. However, even this condition ranifes:s itseif at adout 12 T and L0 *C
to 50 K2, It 1s interesting to note, ard Figure 9 ghows this nicel;, that <ie
overall ereryy level is not alweys a good Jault indicator; one shoull exanine
the emission behavior within discrete frequency bands. In this sc-ics of tests,
the freguency bands of 1,500 to 3,032 C25, 10,020 to 15,00C CFS, arnd 20,00 to
50,000 CFS appeur to be +he bands of major i;ni;icance. In the gecomt Suriua,
these same frequensy barnds carry the predrminance of fault indication information
in the direct data.
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L5 rointed out earlier, the second test cseries included mor
11 Claw infecticn into thea test article, Fizures 15 “hron’t
2ct data recorled on thece tearinss, Tuese plits show tiha
case, the first flaw, wihich was very stull, failed to cive a s
wr.en comzared to “he maximun nolse level of the three bearinss
¢ivion, Tails elfect is atitribulanle to the dscr2ase in ~oo 2

1

to the run-in orocess, couprled with the fact that trhese inad=i:1 flaw
e
e

*
tim

4 o0

[ e B

srmill. After erlarcerment of the flaws aprroxirately three tin
snows a very distinct indication of frcudble in every case. T»
4, plots for this series (Firures 21 to 23) sho the same thing, excent he
there are no clezr cut frequeney tands which manifest the on:ze

Tne riinary purrose for recording this low {recuency data wa

r=ssivle oceurrance of rotaftlonal frezuencies and to determi
rrovide specific indleater: of tearing failure,

- -
e
- -
g t2 exazine 4he

There appear 0 be three bacic sources of noise in beerings: rntational motion,
structural resorance, ard acoustic emission paenozenon. The rotaticnal fre-
guencies for these tests were all belew 2,300 c¢ycles per second., Tu2 resonant
fregquencles spanned the rezizn from sobout 10,000 cycles to &D,270 cyeles -er
seconi, The acous*tic enission phenomena, wiaen presen’, create =2 troad band of
freguencies covering the entire spectrum. The so-called "burst' type cf
acoustic erxissicn will occur during the work-nardening rrocesses sssociuted
wvith fatizue. This would oceur in heavily loaded bearings anid, or bearin: s
crerated at high speed. Since the so-called "acoustic emissicn shenczena' are
classically associated with the fermation of defects, such =2s cracks, flzking,
etc., it should be quite valuable in tiae detection of incipient failures in
bearings. See references (1) and (2).

It apnpears that any onz of the three basic sources of ncise--cr any ccmbination--
can be utilized for the detection of incipient failure. However, the stunds or
rotation would have to be detected and presented by some means other than the
power spectral density (PSD) method utilized here.

USE FOR TYPEWRITTEN MATERIAL ONLY

A study of the power spectral density plots for these tests revealed that the
rotational freguency enersy was negligible when ccmpared to the energs coantent
of other frequencies. This apreared to te true for even the larzest flaw in-
Jected into these test bearings, Althougn this seems coatrary to intuiticn, it
can be understood by considering the make-up of the "rotational frequencies”
ani the significance of tke information presented in the power spectral density

cxraphs.

The "rotational freqguencies" are periodic occurrences caused by some repetitive
mechanical impact witain the rotating machinery {e.z. the rolling elements of a
bearing strikinz a flaw in the race). Sach icpact is an impulse furciios wiich
corntains a multiplicity of freqguencies which are multinles of the pulse rere-
tition frequency (see Appendix 5.1), and it excites various system resonsrnces
at eacn occurrencs. In erfecy, then, these perfodic irpulses "site” enercy
over z wide frequency rance into the instrumentation system. (m the pover
spectral density rlot, this enerzy arrears “o be distrituted over this wize fre-
quengy renge, rather than concentrauted at a discrete rotationzl frequency.

Tre occurreince of rotaticnal frequencies might pessibly be detected Ty =
{- modulator-detector scheme, but this was not attempted for this ceries cf tests.
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“or a relatively simple zechanisxz, this technigue ni-ht te gqulte elf:zstive,
srovidiel thnat these frequencies could be predetormired. Hovever, in ore oom-
rueN eopdinzeas | tnelcicunds) [OF rotartlion) & ct‘*e:‘ cimpanrents oy vemr well i
out tze sourdg of retrtisn of the bearl-;s, ‘™iis 13 the case with ‘et en-ines.
If cne desired to detec: i.Ac‘.pie.t fajlure in the form 0" fatlicie, it is dcoubt-
| Sul that she stunis off rotation woulld cive as ezvly wamndrE ag  csall e Lae
taine? frem the acoustic c'::lssia.". Toencrera. '1'::5, 1'1 aralyoing vrower sToctral
density curves, one selects a band of frequencies whilch can Del ciasnelasnl Gala
Learing defect and walch are not overridden or camouflzced by ncises 2rom sther
sources. Taus, tie mechanical resornant freguencles —uy be a2 veluatle tocl,
since :lhey are of ruch higher freguency, .al]."'w in the marnge o 1C idleeyrcles
to %0 rilocycles. If the higher rescrant frequencies are inserfered with br
other equirment nslses ang, or rascorarces, then ~ne chuld use tre accustlc enis-

sion rhesozena, wiiich haracter* stically cgives off a burst of exnercr ecoverit: a
very brcad Sreguency spectran, Tiiusg, 1L would be nesgible Lo detect the forma-
tion of a crack, tie growta and propagition of a crack, at fregiencies {ar above
120 xdloeycles. This would require, hcwever, that hizzer LI'e.iiean and, or vide
banl acoustic transducers be erpicyed,

To undexstand more thoroughly the rossible conditions under which each of the
three phenomenon mentiored above could te employed in incigient fallure 4etec-
tion, the following subsections will define and examine the source >f escn
rhenomens inscfar as possible:

4.2 Rotational Freguencies

The sourds of rotaticn of simple rotatinz equipments are characteristically low
in frezuency, the freguency teing related to the configurztion o7 the rotating
element and the RII! with which 1t rotates. Thus, the scund of rotaticn of a2
shaft is equal to tlie RFM divided by ©J; the sound of rotaticn ¢ a fza blade
is equal 0 the number cf blades or the fan multiplied by P! ard divided by W;
the sound of roiation of a centrifusal tlover is equ::.l to the RIM of the blover
multiplied by the nurber of vanes and divided by . The sounds of rotatiocn c2
e bearirg are a bit more complex., DSBecause of the interaction bvetween tre Sear-
inz balls, the irner race ard the outer race, and the differences 12 dfameter
between the irner race and the outer race, the calculation of rotatioial fre-
-uency is more difficult. For exanple, fronm falrerin, "3all and Roller Tearing
Zrgireering,” Saction 2L, the fiequency of rolling elements passing over a spct
on a s*ationary cuter race is given by the formula:

USE FOR TYPEWRITTEN MATERIAL ONLY

D,
route:r B % o (- a eos o) (R)
where
Dw = ball diemeter
dm =- pitch circle dlaneter
o = contact engle
{ n =- nunber of balls
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Treg glgflﬂg COMPANY "\E\
b = gapecd of rotaticn in revnlutions
r rer secondi
P
2 e
o)

:

The Treguensy 3£ rallins 2leme=nts passing over 2 seat on the moving dnner race

cee

15 zlven by the expresgicn -

D
% s MDA ] + — 05 A (%2}
inrezs 2 r (1 !
: m

Tae rotaticral sreed of one ball absut its own axis i5 ziven by the =zxrressicin-

d':! Dv D,
T r (\.\ — - — é_". [s] ) :"‘\
1b - . @ 5 (2l T °°s a) (1 T 8 « Fs.
v m m

The frequerncy of a defect in one bhall ‘ﬂ-a"ing striking the caze twice each
revolution is equal %o twice egquation :i3.

The mtatiocral fraguencies ccxmputed from eguaticns #1, 2, and 3 for these
bearinzss are:

5,0 R 17,0700 PR

. > PR
2all flaw strixir; cace cnly U2 534
Rall flow strikinz cace and races €74 1343
Ball striking ouier 1ace flaw 355 712
RBall striking inuer race flaw 522 112k

Examination of the eppropriate power srectral density plots shoved tha® when a
freguency spike is present a%t one of these rotational Crequercies, 1t is ver:r
rinor compared with other freguencies. 7This is explained in A‘a'\enr’t ix 5.1

Also, it should be noted “hai, if a defect in a ball were lina< up correctly,
1t would strike both the ix:::er and outer races a% the same frequencies zs tie
ball strixing “he case twice ovever, since the ball travels in a stiml as

+ rolls, tie variaticns i“ these frequensies ap::car to be modulated by the
speed with which =he ball snlrals. The effect can be readilyy ncted vhen one
listzns 4o the translated hisher freguencies of the bearing; rore so than i°
one listens ddrectly to the sounds of rotution.

Trarslation of these high, sometimes ir.audible, frequencies to the rance ecuiibvle
to hurans 1is aceomplighed by playirg “eck the taped data at a rediced sueel,
In the case of those tests, a speed reductincn of 13:1 was founl ¢2 ° veellernt,

~o N c
In effect, this rrocess nerely expands the time seale of the reediried evenn a
sufficient awount to permit the huwman ear to follew the frequency excursisnz,
Sirce the tive scale is the only change in this process, the interrelatiorsuips

between the frequencies maxing up tie data are uraffected,
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It is evicent from the above that the freguencies of rotation are relativel -

Jow Azd well wikhin the-rancse of “ﬁ-a irg of the hutan ecar SowEes, Sy
sounis produced by the speed cf r tion may not te witm“ e pamibe BE H28

nrman ear.  Jor exarol in =he saga cf a fan, the fregtsncies prosucad Dy che
) <& v

or exarole,
bl e 20 the Zan strislnT alp melecbles &% Wgh sreed 233 she reshilTamt esllid-
siong of air zolecules produce a lard of fregrenciss zdove ani helsw 40 (ilo-
cycles,
The fregucncies o2 rotation could be a very inrortant 2ia-nostie tool in rela-
tively si:nle mecharnizns, wherein their cecurrance incre:z: 2a tie overall noise
lewel anrreciadbly, Thsy are highly elfective in iagnosizg the endstance of

Adefacts waich e3ull result in I’ailure and are rarticularly effective in iioznos
ins failure itself. There are, hovever, linltations. These limitations ar
expariensel in oore emivlex equilrent, such 25 a jet engine, viaerein the rota-
tion cf the malcr elovents, such es the -1 and ."-2 rotor, ean rTroiuvce souncs
which are nuch sreater in macnitule than those praducei by the baardins and
other small accessories, such as senerators and zear boxes, drivez vy the Jet
cnrina, I one were 1dle to mount a transducer cdirectly con the besring or gear
hecusinz, tals interfercnce would rnot be so prinnunced. Iowever, 17 cne is
foreed %o naunt the transducer on the outer case of the engine or ¢n =2n engire
cowlinz, the sounds of the bearing nisht very well be overriider. In aliition,
within a complex ersten such as an alxplarne, the sounds ¢ <tic other encines
anl otrner aceessories rrovide interference ari further couplicate itennilicazion
of the basic rotaticnal frequencies of small eomponents and the eflects unon am
rlitules at these fre=quenciss by defects existing within tne compone:*s of
interest, " Assordingiy, it is someitlzes necessary and effective to ulilize the
regorant Zrejuencles of the components under otservatlon.

L,3 Resonant Fregusncies

Rasonant frequencies are a.function of the rass configuraticn and ty7ne of
material involved, They are usually i=ziti=ted by the shoek cxcite.t'on 2580cia-
ted with minor structural irregularities and/cr defects.

The axplituie of acoustic erergy at resonant frequencies is much hiigher than
the amplituie of the soundi cf rotaticn., In additicn, resconant :‘rhquencies are
usually much higher in freguency than those of rotating elerents She frecuen-
ciea of resonance of ccxutonents unier chsarvation do not vary ‘-:1t.1 &% Their
aTplituies; however, will vary Airectly with tie RO  Tardations in amplituce
due to the severit of a defect in a bad bearins may be as kizk as 1,002,000
times that of a new tearing.

Tne advantages of usirg the hich resonant frecuencies over the rotatinnal fre-
quencies are twvo-fold: (1) thay do not vary with RP/ and (2) there i3 less
confusion vith the rntatioral frequencies o7 oiler componsnts, Thic is marticu-
larly true with ball tearings. In utilizing 4his techiique of ineinient failurs:
L."t“ctio" in bearinzs, it is oot specifically recessary ¢o identi’y all of the
resorant frequencies of +he gs:-sten unier test. 3itply monitoring the [recuererr
content of the dats at gseverzl sreeds will isclo.,e those freguencies uhich nre
unzaffected bty sreed, whersupen one can reasorably conclude that these are the
resonant freguencles in guestion.
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Tha theoretical determiration of 4otal system Aymanie respeorse characteristics
i3 comrmle*ely Lurracticable in most instances, 23 it has Leen for the relatively
girnle —achines uzel for trese tests., ZHovever, to acquire an oriey-of-mn-nituds
apoprexi-iation %o some of the rescrances axracted during these +c:s“s, T3¢ nesa-
nant Bxticudncies 6f dhe “'1‘**' samdonants ~f *he D-20L1 toaring were conputed.
The elsziutasliona are -de+4a il Ia sapesdiv 5,3 The frequencies for these tear-
ing elenents zre vresented in the table below:

2all: fl = 333 KC

Mode, n: 2 | 3 ' L 5
Outer Raca 3,29 XC : 0.32 XC ;(—o_c | 23.5 w
Inrer RPace  15.25 XC 45.0 . 3.0 Koo 2_? 3

— J s 0 g s
The degree to vhich ‘Hese f*ecuencieo will be Ma.'l..ed by nssc':b‘_y within a com-
plete structure £{s3 unxnown, but there is evidence that certain structures do
rot change these frequencies gSreatly but merely increase the damping,

L4 2cous“ic Dmission

B, ¥. Schelisld in the Dictionary of Fhysics defines acoustic emissjor pheno-
mena as follcws:

’&.o-ovstic Dnigsior i3 a cereric term denoting the occurrence »f de-
formetion i:duced sound puleas or elastic weves in me+tals, This
term includes those sournds that are usually audible, a5 well as
those that ars not (trat 1is, ul‘rascnic fr~qu~rci-s,“") The a\.r’i-
ble sounds are more coxmonly kriown as the prenomeron 'tin ery,'
waich is produced by the twirning deformation so comnon in the tetra-
gonal and hexagoral crystallozrapnie structures, Two other processes
which ray also prcduce audible (and ultrasonic, ) acurds are:

(1) sudden re-orientation of lar-ze crains in a polyervstalline
raterial, and {2) th= martensite transformation sssociated with the
heat treatrent of steel. The iraudible emission (ul“rasnnic frequerey,
is of greater import, since it is ubiquitous in m-tals, heing related
to the more efficacious deformation process, slip

™
Vs

,.n

X

"Bvidence of ecoustic emissicn becomes apparent almost iimedistely
upon stresainz riany netals, rarticularly thoge that do rot exihibit
a inesr' resnonge of the stress-strain curve, In otrher retals, it
arpears at stress levels 1/3 %o 1,2 the nerinal ercineerisg yiell
point. Craracteristically, =ll nmetals exhitit two distinet tyzes of
enission, referred to as burst tyre and Ligh frequency tyre. ‘The
relative aativity of the two types varies with different retals ard
alloys, with pure zine znd pure alumirunm rerresenting tic extreres;
zine beinz predomirartly a burst tipe and tke aluminum alnost en-
tirely the hizh frequenecy %ype.*

¥ Clarification ard revised nunctuation of these and the following quoteld
parasrarhs provided by the editor.
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"A3 observed on an oscilloscope screen, the burst type appears as an ex-
porentially decaying ring down pulse, with a pericdicity of occurrence
long relative to the pulse time censtant. The hizh frequency tyce is
sczewhat more subtle, and aprears as an amplitude rise of the :eneral
background roise level, with occurrence periodicity of the culses ccmpar-
able to thelr tioe constant. In contrast to the turst tvre, waich does
not change ampiitude sizgnificantly as deformation prcoceeeds, the high
frequency rises to aporeciable esmplitude levels, usually beccaing maxi-
2l just prior to gross ylelding and again prior to final failure. Of
the two types, the high frequency (ultrasonic, “4*) is most interesting
from the deformation mechenics view.

"Significant characteristics of the acoustic enission are: it is irre-
versible {(Xaiser Effect); it is a voluzme, as covosed to a surface phe-
nomenon; the amplitude level (high frequency type) is proportional to
strain rate, the emission signral reretition rate ranges frcm a few zun-
dred counts per second to 75,000 per second at normal loading rates,
(and, td.) evidence indicates a direct correlation between the number
of fine slip lines and the number of acoustic pulses. These acoustic
pulses evidence the discontinuous nature of deformation on a micro-scale
suggestive of the macro Portevin-LeChatelier Effect and stepped stress-
strain curve.

"The irreversibility characteristic is most unique and, aside from its
physical implications, offers the possibility of application as a tool
with non-destructive potentialities. Cnce the material is subjected to

a glven state of stress arnd deformation, duriny which considerable emission
1s generated, subsequent restressing up to the previcus stress level will
not induce emlssion. Exceeding the previous stress level prcduces an
abrupt reappearance of the emission at vsual tensile lcading rates. This
property 1s the most positive evidence of the intimate relaticnship be-
tween emlssion and permanent deformation. The appearance of tne emission
in aluninum, for example, at 1/3 the ncainal yleld strength demonstrates
the existence of localized plastic deformation. 4~Aging, heat treating, or
otherwise restoring the material to the un-stressed state will, of course,
restore the emission; the degree of restoration depending on the complete-
ness of the treatment.

"The fundamental mechanism giving rise to the inaudible emission has not
been conclusively idenitified to date. Present regsults indicate a source
intimately associated with the dynamic response of dislocaticn bloeking
and unblocking."

The burst tyre and high frequency type emission referred to above, in currcnt
practice, are known as burst type and continuous tyve. ‘\ork done by D. L.
Parry of the Phillips Petroleum Company in the detection of defects in large
nuclear reactor pressure vessels indicates that burst type signals emanate
from the growth of derects and/or flaws within the pressure vessel. Ee states:

"During our feasibility studies, two types of acoustic emissions have

been characterized; the 'Burst' signal, indicative of material flaw growth,
ard the low amplitude, so-called coniinuous emission, due prizmarily to
stress-induced dislocation movement. The 'Burst' signals allowed loca-
tion of the flaw through triangulation techniques. Times of arrival of
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the initial, hich amplitude 'Burst’ siznal from three transducers provide
information for trian~uiation purposgses. The detection thresnold for tx
'Burst' type signal was O,1 to 30" of normal vessel operated stress and
0.02% to §i of the nominal material yield."

Thus, Perry concludes that, with proper detecticn, signal conditicning, and
diagnostics, acoustic sigrnals could be detected, recorded, and analyzed to
Yield informaticn recardinz tihe presence of flaws in larse, ccmrlex, reactor
vessels under low stress conditions., Darry anticipates that the continucuse
emdssion, encrgy-released signature of the pre-annealed hydrostatic test will
yield information on the derree of chanse 1in vessel exbrittlenent when coz-
pared with tke post-annealed acoustic signature.

In b211 bearings, both of these types of acoustic emission have teen chserved,
The characteristic "burst" type emission occurred when flaws were plzced in
the inner race, the outer race, and on a ball. The so-called continuous sige
nal has been observed in a dry bearing operated at 5000 to 1C,COC RP{ angd in
a bearirg operated through & 30 degree arc at low speed, with the apovlica-
tion of 450 degrees of heet in a vacuunm, under 20 pounds of stress. In the
latter bearing test setup, wherein one bearins was failed usinzg cnly dry
lubricant, a very hizh rate of acoustic emission signals occurred during and
prior to actual seizure of the bearing. A great deal of wear occurred in tiis
particular bearing due to oxidation of bearirg surfaces and subsequent scaelirg
of the oxidized layer. A large number »f "turst' signals, as many as 30,200
per minute, were observed during this wear process. In the bearings tested
in the Pope Spindle, operated at 5000 ani 10,000 R®M, the "burst' type signals
were attributed to growth of the arti:riciully placed flaw and to resonant
ringing of the bearing components.

Acoustic emission monitoring was attempted as a sideline on a bearing fatisue
test being run. The bearing was a front main bearing from a J-09 jJet engine,
It was run at 3600 RPM under 30CO lbs. radial load until the first indication
of fatigue failure was noted. The plezoelectric transducer output was rassed
through a high-pass (20 KC) filter and iato a Berkeley EPUL counter, which was
set to count all tursts over 1.0 volt amplitude. .A ploc of the counts per unit
time is shown in Figure 27 below.

It will be noted in Figure 27 that a marked rise in counts per minute occurred
approxicately U5 minutes before actual spalling of the bearing. If this count
history were adjusted to conform to the normal service life conditions, it is
felt that imperdirng failure would have occurred sufficiently early to perczit
preventive maintenance action.
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5.0 DIZFINITIONS

A. Reliability (R)

The probability that 4 system or portion of a system will rerform its
specified function(s) under specified conditions for the speciried period
of tire or nuxber of cycles or trials, when installed, tested/used, main-
tained, ard logistically supported as specified.

B. Failure

The inability of a system or portion of a system to perform its speci-
fied function(s) ucder specified conditions for the specified period of
time or nuzber of cycles or trials, when installed, tested,used, rain-
tained, and logistically supported as specified. Ilumber cf feilures is
denoted by "f."

C. Defect

A non-conformance to specification/drawing which has not resulted in a
failure,

D. Wear

Gradual, cumulative change to a physical or chemical characteristic of
a device resulting frem continued operation or use. (Not as a result
of failure).

*
E. Maintenance

All the activities nacessary to keep subsystems in, or restore them to,

a satisfactory operating condition., Scheduled maintenance 1s preiianned
for accomplishment at given points or intervals. All other maintenance

i1s classed as unscheduled,

USE FOR TYPEWRITTEN MATERIAL ONLY

F. Incipient Failure 2

An impending faillure or an existing charescteristic or defect which will
lead to failure.

* Not a reliability definition, but included herein for convenience. Ed.
** This is a tentative definition, i.e,, not formally accepted at this
time, E4.
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3.1 Potational Frequencies

The frequencies cf rolling elements passing over a spot on the inner and cuter
races, as given by equations (1) and (2) in the text are:

5000 R 10,000 RPM
fouter 356 CPS TL2 CPS
£y nner 562 CPS 1124 Cps

Mhen the "spot" on one of the races is a flaw, these frequencies are the pulsa-
repetition frequencies of a series of mecaanical impacts, and is therefcre a
pulse train.

For the purpose of detectinrg these rotational frequencles on a power spectral
density plot, we must examine the pulse train to ascertain tze Zreguency con=-
tent of such a function. This is accoumplished by a Fourier wave fora analysis.

The pulse train function is described in Figure A-l below -

£(t)
)
AN -
1 ! - t
=T - I o T 2 T
2 P 2
Figure A-1l

In Figure A-1, T is the period of the function, Tp is the pulse width, and
A is the pulse amplitude.

The expression for this function in one period is:

O, -§<t<o

£(t) = (A, o<1:<'I‘p

0, T <t <.2'11 (A1)

\

The exponent%a], form of a Fourier serles expansion of a periodic function of
period T is (1/:

f(t) - an e (A’e)

1.) D. XK. Cheng, Analvsis of Linear Svstems, Reading, Mass.: Addison-VYecley
Publishing Co., iay lSol
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T
/ -jnt

&y T -]’I—" f 2 f(t) e dt (A_‘%)

=T/
2
where:

J o= ¥-1

0w = %;T- and

a, = the averare value of the exponential form

of f£(t) in one period.

Substituting the expression (A-1) for f(t) into (A-3) gives

To
s A e T R o [m FF) _ (k)

The frequency spectrum of the pulse train is obtalned by plotting

,’E"n
versus mw = \-7

2 ‘Q'QI = Alsn o —":,2 (A=5)
nw L
For n = 0, equation (A-4) is evaluated using l'Hospital's rule and
Q‘o = A % (A'O)

This 'is the equivalentTDC component of the series.

To evaluate the ratio =3
The pulse width, TD, is the time duration of -he physical impact; in this case,
the time during which a ball is impacting a .law in one of the races. The
period of impacts is, of course, T. To evaluate *,, we assume the ball rolls
down into the flaw and the impact commences when tne btall strikes tne fzr edge
of the impact. If the f£lav width 1s small relative to the ball diameter, then
the ball center is over tie center of the flav at this point - see Figure A-2.
Assuning a perfectly plastic impact (i.e. no bounce), the duration of the in-
pact is equal to the tizne requir-ed for the ball to roll up and over the far
edge of the flaw.

Again, relying on the assumption tha' the flaw width (/) is small ccmpared to
the ball diameter, the horizontal ball velocity is essentizlly constant, and
the impact duration equals the time required for the ball to travel 2. 3

o R
p 2 v

where v is tie ball velocity relative to the race. Assuming that the slippage
between the ball and race is negligible, the velocity becomes

Therefore,

vV = 27 1y fb (A=T)
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l
Figure A-2

where r, 1s the ball radius and ¢ %y is the ball rotational frequeancy given by
equatiod (3) in the text.
W

T = (A-8)
'meref ore ———— R

The period (T) depends upon which race the flaw is in. For the inner race,
the pericd 1s the reciprocal of eguation (2 and, fcr the outer race, it is
the reciprocal of equation (1). The ratio 5, T is independent cf bearing
RPM; these two ratios for inner and outer race flaws being:

Inner Race: Tp/ s 1.675 W (A-9)
T

Outer Race: Tp = 1.06 W (A=10)
/T

The width (W) of the largest flav injected in*o bearings 4, 6, and 7 was
approximately 0.02 inches. Usiag this as the typical width, and substituting
this into equations A-9 and A-10, the ratios become:

Inner Race: Tp/.:,r = 0.0335
ToReet Tpp

Substituting these values i1 the expression (A-S); and plotting thase
values versus n, ylelds the pulse train frequency spectrum shown in Figw. e
A-3 below.
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0.07A =

0,064 |- 0 o inner race flaw

X outer race flaw

0.0SA -

0.0kA

0.03A

0.02A

0,01A

Figure A-3

Figure A-3 shows that the fundamental frequency is the largest amplitude and
even this is only a small fraction of the pulse train amplitude, In these
series of tests, the amplitude of the pulses would be small in view of the
small flaw width and the fact that the bearings were run unloaded.
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8.2 Pesonant rr:quencies

The resonant frequencies of the major coaponents of the S-ZCLY bearing are
"free-free”’ oscillations and would not necessarily te exhibited as calculated
when the tearing is assembled into a structure and sublocted o lcoading. Tre
variation rrom the calculated frequencies may be considerable, depending uvon
the lubrication, lcadinz, arnd overall fit of all ccmponents within the bearing
and the fit into the structural assembly. The calculation of these freguencies
is baged on =50 Tool Steel material with a density of 0.2233 lb/in3 and a
Young's modulus of elasticity of 30 x 10° FSI. It was assumed that the cross-
sectional area of the races were rectangular.

The equations used are as follows:

Ball: f (cps) = 9%— \/g—p (#4)

EI
Ring: 2 (cps) = 2 (o - 1) o (#)

; ar 5.2 m
S
§ Where: r (ball) = radius (£t)
§ a (ring) = radius to neutral axis (ft)
E E = Young's modulus (Lb/ftz)
§ I - Moment of inertia of cross-
> sectional area about the neutral
x axis (£t*)
g p (ball) = density (slugs/ft3)

m (ring) = density (slugs per linear foot)

n = number of waves around circum-

ference of ring
MATERIAL: M~50 TOCL STEEL:

E - 30.106 psi

0 = 0.283 Ib/in3

p 50.283?—;33.:1728:—:343-21-.—55—%5

= 15,2 slugs/ft3
E . 30.106 ﬁ? x 1hy ;—:-i
{ E - k32 - 209 In/rt?
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{ —0.5512_
0.150 ! !
— - i
Fy . |
0.171 |

BALL CCMPUTATICMNS:

= f 2 11.9 - 103
r = g'xlia = 0.013 ft.

let A = % Yz/2p

92« 10°

x>
N |
o

DEFORATIONAL FREQUEMCIES:

RADIAL MOTION MODES:

£, = 0.92A = 0.84 MC
£ = 1.49A = 1.36 MC
£ . 1.96A . 1.79 MC
£, = 2478 = 2,26 MC
fs = 2.97A = 2.721C
£6 = 3.93A = 3.6k MC

d /
‘AT\c-L' .o
s ml |
d {

i
Ball Dia, = 0,3125"
Figure B-l
O-keh 4 /B | 5383 . 10° cps
r 2
= 1388 KC

7N

{/‘-\ \

P,

e

A~
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The bhall deforrational resonant frequency, calculated abeve as 333 “C, is the
lcwest frequency e+ what is termed "spheroidal vibrations.  Taere are vi-
brations of a dilatational tyye whereby the sphere dilates and contracts

It was felt +hat the spheroidal motions, whersin the svonere was

radially an3d saeir %ypes in wnich there are twisting motions witiain the ball,

AEsiEonRted &9

en ellirsoid cf revolution, teccxning altermately

trclate and coblate on a

rmicrosccopic scale, =2re most revresentative of the actual deflection ef the
ball withkin the vearinz assembly. The radial wotion medes, czliculated above,
are well above the ranze of the transducer employed. It is our intention in
future work to investicate the rossibvle existence of these frecuencies with
higher frequency transducers and to determine the effect of defects cn tacse
freguencies., Under certain conditions of interference, the frequency vznd
represented by taese radial motion modes may te izportant. Tie inner rce
and outer race ccomutations are based upon calculations of rint Iresguerncles
taken from page 452 in reference (3). The equation employed for resorant
frequency in cycles per second is as follows:

£ . n( -1 Vo "
7 RV (#5)
Where: EI = Lb/ft2

m =~ slugs per linear foot

a = ring radius in ft

I = area moment of inertia of race

about neutral axis
n = number of waves around ring
n = 2; 3 by Peiboeanes

For inner race:

.r‘/— b
r #,r;f:%jl__,’,_.-Neutra1 Axis

U3 4602 1434 REV. 0~6Y

] -
' 'JI a = 0,5147" 0.0L428'

S

3 b = 0.0L6
bh ’

;jfkoss Section. INA = 5 where 0.0142'

‘ M -

TTTTTTT T, = Llox 10 .
T | — b ——

E
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5 0.100 B x 1 i 32 . 1097 2
= . — — ° 3& . —
ERRE e £t° £t
5]
Iy in~ . ror3
p = 0,233 i3 % 1723 ft3 = U88 Lyt
) v
m|fFc| = P.b.he = 0.319 Ty
slu:‘,s\ .39 slugs
o Tt I= 32,5 = 0,099 Tt .\‘
——_ s L 108 (1,1 1079) 3 :
\ B afses - =B NN
m 9.9 + 107
3
.V-:j— =2 6903
L
L VB =318 - w0
o
a
n 2 I 3 . b 5 |
n (o - 1)
= 0.4238 1l.21 2.32 3.75
anYn© + 2
fn 16.2 K 45,7 K 37.7T X 142,0 X
For outer race:
Neutral Axis
a = 0.99" = 0.083
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4 ThiE EHEIME Commany P‘E\/ L:Q
t
|
| .——e CrTo038 Section
t 3
h_‘ A I = bdbh’ where:
- 2 . b = C.O0LE
T . s 19" £t
» [ I QggL h = 0.13"= 0.0108"
E = .32 109 L
: £12
(4%3)b . h slucs
32,2 = 0.00753 —%%
Thus,
[ A /E
LY 53.1
Therefore,
z L~ fZ L o x 10t
< ac ¥ @
2 _—
: n 2 3 | & 5
N e e e _
o ‘\2 -
: n (2" - 1) 0.428 1.21 2.32 3.75
= onVn? + 1
. B
: fn 3.29 X 9.32 K ! 17.9 K 28.9 K
2 . %

These calculations indicate that a wide band of frequencies extend from a few
kiloeycles to 4O kilocycles and above, includirng narmonics. As these fre-
quencies are driven higher in amplitude, hidden narmonies should appear, ex-
tending to and well abeve 100,000 cycles per second. Because of the inter-
action between the components of a bearing, a defect in any one compcnent
would cause ringing in all comporents. /ccordingly, there exists a direct
relationship between amplitude of these frequencies and severity (size and
depth) of the defect. ience, it does not appear necessary to positively
identify each resonant freguency, nor does it appear feasible at the presernt
time. Ilevertheless, this band of frequencies, directly related as it is to
the severity cf the defect, can be employed in inecipient failure detection.
This has been demonstrated by translating this band of frequencies back to
the audible region and listeuing to the sounds of defects in a ball bearinz.
It has been furtner demonstrated that the peak spectral density G's corre-
late directly to the severity of defects in bearings.

S
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3.3 Raw Data

This apcerdix contains the power spectral density plots made for each indivi-
dual test run.

8.3.1 First Series

Figures C-1 through C-22 ure the direct recording PSD's made for bearing
numbers 1, 2, 3, and 5.

8.3.2 Second Series

Figures C-23 through C-&Q are the direct recording P3D's for the second set
of bearings, nurbers 4, o, and 7 in the several test conditions.

8.3.3 FM Data

Figures C-41 through C-S8 are the PSD's made from the FM data recorded from
the tests on bearings 4, 6, and 7.
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